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Abstract

The relative rates and energy release of various reactions in the
exhaust piume - air mixing layer are examined in an approximate fashion.

It is fqpnd that the most important reactions are, in decreusing order,

+
CH H2.

K0+ H

o
—

CO+ QO -~ (O, *H
o= 2

CO+0 —> 002+h1‘

Since all of these are two-bcdy reactions, it is concluded that binary
scaling should be applicable to the afterburning plume. Since all of
these reactions involve intersedimte species, "flame front" approximations
are not useful in scaling resction effects. The third listed reaction
may account for some of the cbserved radiation from aterburning plumes.
Various mmerical methods for solution of the equations which describe

a non-equilibrium, ncn-similar boundsry layer or mixing lasyer were inves-
tigated. It was concluded that an implicit integration scheme offered
significant advantages; +the main problem in such a prograr would be the
determination of species concentrations when some resctions are close to
equilibrium. Subsequently, reports were recelved from other NASA
contractors which indicated that the procedure which we would reccmmerd
was already being pursued. The mathematical transfornmation of a high
speed reacting mixing layer to an equivaient low speed mixing layer is
examined. It is concluded that the Coles-Croceco transformeticn, which

has been very useful in the trestment of high speed boundary layers, is




s

not dirs=citly useful when applied to mixing leyers. Furtkher work on this
subject is indicated. The possible effects of chemical reactions on
turbulent transport are discussed. It is shown that non-equilibrium
reactions, when internal states are accounted for, contribute to the
vorticity. Also, the density changes associated with chemical reactions
add a new term into the momentum transport equation. Thus, reections

are expected to have a definite effect on turbulent transport processes.




1. Introduction

This report nominally covers the period of May 1 - July 3%, 1965.
Due to a misundersztanding of report reguirements, monthly reports were
submitted at the beginning of this projeect. The current report is the
first one submitted on a quarterly basis; for completeness and to
avoid confusion, the report will cover =11 work accamplished through
July on this program without reference to the preceding reports.

The project reported on herein is a study of certain chemical and
chemical-radiative effects on the base flow field associsted with
multiple-nozzled launch vehicles of the Saturn-type. The level of effert
consists of three graduate students employed on & helf~-time recearch
basis. Particular subjects under investigation are: 1) delireation of
the controlling and energetically most important reactlons which occur
in the air-combustion product mixing layer to determine the appliceble
chemical scaling lsws; 2) evaluation of various analyticel techniquss
for calculsation of the non-similar boundary layer and free shesr layer
involving finite-rate chemical reactions; and 3) preliminary evaiua~-
tion of the nature of the effect of energetic themical reactiors on the
turbulent stream mixing process. The investigators are, respectively, /"J
Messrs. H.F. Nelson, E.C. Palureuter and J.P. Nuyts.

In addition to the sbove studies, substantial effort in eerly steges
of the project was spent in familisrization with the general bese heating

problem and with the work of the other HASA contrsctors in this ares.



This affort was expeaded %o yrovide & taxkground which, heonsfudlly, -4l
ensure the aiming of specific resesrch efforts in a directicon hst will
be useful to the overall NASA program. Such efforis, of cuirse, ar:

not reported on here.



2, Chemisal Reactioms in the Alr.Combustion Preduet Mxiug Isyer

It is expected that most low altitude plune phononens asso:isted
with alr~combustion product chemical rezciions will be characterized by
short reaciion times compared with the zpprepriate fluid mecoanic tizes.
That 1s tha rate of progress of the chexizal remctions will be limitad
by the rate of supply of reactants vie fladd michaomieal AlfTusing
procesees (in most cases turvulent) yatier then by the rates of the
governirg chemical reactlons themselves. If this were alweys tie case
scaling could be accamplished by the well developed flald rarhaalesl
sealing laws alone, without ecneideraticn of the chemi:al resctions.

However, when simulation on a sufficlently small seale or of a
sufficiently high altitude coudition is altempted, the fluid mecharic
times and the chemical rescticn tinee esn beeume of th: stme order, To
determine when this situstion arises we have to decide which of the
chemlcal rzactions are rate ecntrolling and energetically imporiant.

If the critical reactions ays fourl ¢o ba of tie Luoebody tyye for if
the importunce of three-bedy reactiors 13 negligible) the conemys of

]

binary scaling’” can be used, Biuary scaling i sshieved i ths
product p L is nmaintained constert, vhere £ is the {luld density
and L i3 the appropriate dimensior of {he medel or -chiclie.

Some insight into which reactionms zxe important ceoudd Le obiain:d
from examinatlion of an sppropriate chezienl egnilibriua solutiou to ke
canbustion product - alr mixirg lgyer. The rates of ciemieel spacie
production required tc meintoin the eguilidbriwm coundition eald zive &n




inezact indiesticn of which resetiocus ave important provided that vhe
reaction paths are properly ideatified. Tnis, of course, iz not aluays
possible without previous experience in the same problem. A more
serious limitatlon to our pursuit of this path, however, iz that no
equilibriun solutions to the mixing layer seem 40 have been accompilshed.
Hence, it is recomrended that those HASA contractors currently engaged
in performing mixing layer ecnnlyses {either by the matched inviseid
flovefree sheer layer technique oz by the "emtire Jet” caloulaticn)
corbine their programs with a chemisal eguilibrium themochemceal pro-
gran to gensrate equilibrium species profiles. As will be shown bolow
the "fleme fromt” esleulations erve an inadequate substitute sinze thay
fail to reveal the concentrations of the rsaction~controlling intermadiais
species.

Lacking either equilibrim species profiles or complete finite rals
calculations, we have employed sowe arproximations in the reaction
chemistry to enmable us o calculate vough intermediate speciles profiles
and thus provide at lsast a genersl ldes of which reactions are importunt
and how they sbould be scaled in model testing.

To arrive at a manageable system «f ronctions we doleted certain
reactions from an original set of 21 reaciions invelving 11 UfLferent
chemical. species. The resctions vhick were dropped along with the
reasons are listed in Appendix A,

The reaction system which was smployed conasidered 11 chamizal
reactiors believed ¢o be possibie in tte erbmsust plume of & rocoiet
engine turaing RP=l and liquid oxyger.




Table X

H*OH+MN = HO+M 1
H+*H*M = H,*M 2
0+0+N = 0,%M 3
H+o+u=og+m L
CO,+M = CO+0+M 5
w+on;-_-snzq+o 6
CO+OH == CO, +H 7
WP E 2 BOH 8
H® O, = 0H+O 9
0+HZ;:_\0H+H 10
CO+0 = CO, +hy 11

vhere M 412 any specie.

Borrowing an ides from the work of Kaskan?’l®, by assuming reections
1, 3, b were in equilibrium and by using an sppropriate species
diffusion profiles the concentrations of OH, H , and O could be
calculated. We will discuss briefly the choice of species profile.

Two basic approaches tc the development, of chemical species profiles
have been developed. These are 1) the "entire jet" approach and
2) the inviseld flow - mixirg laycr approsch.

The entire jet spproachk neglects the presgence of shock structure
and assumes that the boundary lgyer assumptions apply throughout the

exhaust plume. i‘e.a:!.genbm:z5 and Rozsak have used this approach.




The nmixing-layer spproach essvues that & aethod of characteristics
solution is coryect for the inviscid inner core of the exhanct plume and
for the externsl flow. The boundary layer tLype eguations are used for
the viscid flow external to the immer inviscid core, with boundary
conditions on the boundary between the inner and cuter parts defined by

the method of charecteristics inviseid solution. Vasil:m6 and

Feigenbutz7

have uged this approach.

There are sdvanbeges and disadvantsges to both methods. Toe entirzs
Jet metbod is simplest, bub its use is restricted to low altitude, naar
balanced plumesh. The mixing layer method is good at any sliitude where
conditions for inviscid flow cxist. Both methods asre iimited since the
accuracy of the turbulent transport coefficlents ies not very goocd.

Felgenbultz and Rozsa both used a reaction approximation called the
“fleme front" concept. The flame front i3 assumed to be & position
between a fuel-rich stream and enm oxident-rich stresn vhere combushion
is complete. On the fuelw-rich side of the flame front, no oxygen is
present, and on the other slde of the fleme front no fuel is presert.
The fuel and oxygen specles diffuse toward emech other with complete
combustion occurring very rapidly at the flame front.

The flame front concept does not allow any intermediates such as
OH, H, 03 from Keskand,

E)H} = |/ K9 X0 [02) ¥ (Kg, K, are equilibrium sorshents

and either [027 or [Hg is zero throughout the whole plume in the
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"flame frout" model. Thus, flame front profiles could act be vszed;
in the sbsence of better informaticn the frozen specles concentration
profiles of Rozsa,l1 wvere used for cur calculations (Figures 2 and 3).

Assuming the three-body reactions {1,3,4) to be in equilibrium
would seem to imply that binary scaling does not hold. However, if it
can be shown thet the energy associated with these three-body reactions
is unimpdrtant in this calculation it implies that they will be unimjor-
tant in the actual situation. The mawimum snergy release ocours on
recombination and assuming the three-body reactions to be in equilibrivam
is allowing a much higher rete of recombination than binavry scaling
would &llow. The concentrations of 0 , OH , and H found this woy
should represent a lower limit.

From the three=body reactlons named above the followling expressions

for the concentrations of H, OH , and 0 were obtsined as follows:

01 = Vlod/g

M = V [d /(o] () (k) )

bw] = [#] [o] Ky

For a graph of the concentrations 30 celculated, see Figure 1.

A review of literature for reaction rates for each of the 11
reactions was done. As can be scen from the results (iisted in Appendix B}
some of the rates are not too well agreed upon as of yet.

The forward and revérse reaction rates were calculated in gE-mols

cm3 sec
The forward rate was calculated by multiplying the concentretions



of the reactants by the rate conszitunt, The forward rate constants used
are the starred ones in Appendix B. The reverse rate was caleuwlated by
miltiplying concentrations of the products by the reverse rate conshant.
The reverse rate constant was assumed to be the forward rate constant
divided by the equilibrium constant.

The enthalpy of each rcaction was found by subtracting the reverse
rate from the forward rate and muitiplying by the enthalpy of the
reaction at the specific temperature. Appendix C gives the wvalues
across the exhaust at x* = 17.h x%, the non-dimensional axial dis-
tance, is the distance behind the rozzle exit divided by the radius of
the exhaust nozzle exit.

Table II shows in order of decreasing enthelpy the number of the
most energetic chemical reactions as a function of the nou-Qimensionsl
radiue r* and the temperature. ¥ is equal to the radius of the
noint of interest dlvided by the radius of the exiraust nozzle exit. The
temperature is in degrees Kelvin. The data for the concentrstiong wag
taken from Rozsa.ll for a balsnced pressure exhaust.

Table III shows the chemical resectlons in which the forward resction

rate is greater than 001 51-%@93‘-?- gt x¥ = 17.4 as a function of % .
cno sec

Table IV shows the chenmical reactions in which the reverse reasction

rate is greater than .001 ggzmole at x* = 17.4 as a function of =%
cn? see

The temperature given in each ftable is the tempersture profile as &
function of r#* at x¥ = 17.4L . It must be remembered that the tewpera~

ture is a function of the verious concentrations acrossz the exnsust.




Table II Reactlons iua which the cnergy relisease i3 more

than 1 cal/'(czn?’ sec) ab x* = 17,4

radius (ri) decressing energy Temp. (°K)
-3 8 7, 11 1438
A 8, 7, 11, 10~ ¥ g7
.5 8, 7, 11, 10% 1511
.6 8, 7, 11, 10F 1539
7 8, 7, 11, 10° 1567
.8 8, 7, 11, 10% 1595
.9 8, 7, 11, 108 1595
1.0 8, 7, 11, 108 1581
1.1 8, 7, 11, 10% 1539
1.2 8, 7, 11, 10° 1469
1.3 8, 7, 11 1400
1.h 8, 7 1302
1.5 8 1290
1.6 8 1078
1.7 938
1.8 812

1 the superscript R stands for the reverse of the
reaction listed in Table I




Table IIXI Forvard reeciion retes greater than
.001 E'-é'-‘-"%f-c« at ¥ = 17.4

a3
radius (r+) decreasing rate Temp. (°K)
——
-3 8, 7, 6 1483
b 8, 7, 6 1497
5 8 7., 6 1511
.6 8 7, 6, 10 1539
T 8 6, 7, 10, 9 1567
-8 8, 6, 7, 9, 10 1595
-9 8 6, 7, 9, 10 1595
1,0 8, 6, 7, 9, 10 1581
1.1 8, 6, 7, 10, 3 1539
1.2 8, 6, T 1469
1.3 8 1400
1.k 8 1302
1.5 8 1190
1.6 1078
1.7 938

1.8 812
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Use of the frozen profiles obviously censes xa mierasiimaticz of ke
temperstures in the rzaction zseme. Uptil equilibrium crofilias ave
genersted,; owver, trhere 3eems 40 be o other rezsonsihle siherast o,

To farther check the applicssiiity of binery sesecing the onsxgr

release associsted wiih the $brez-tody zeactions pust be evclunted. 1F
binery s2aling is possivie this coorgy of rezczpinatl n mus! be wun
less thaa that of the tvo-body cozohions.

Tc get an upper limit on the xcoonbiincticn epavgyr, i% shendd o
poseible so mulilpiy the waxiuwum concenizyidon of Tiwe revoxd ining
cpecies imes the entnelyy av tuet “szporature. This csuson isily 3

3




that all the recombining species resombine and give an upper Jinit or
the energy.
The maximm intermediste cconcesntiralions are

, . - R——
EII] max 2.478 x 10 ég-c-;g-*

= -9 gre-sole
(] e = 7:083x 10 &m—---m3

S -5 grmole
i;d_! £ $5,25) x 10 ms

In each cese the intermediate which gives the maximum onergy wes used.
The enegies are given in Tsble V.

To get the energics into units Lo compare with the fwo-s0dy energics,
one musy wmultiply by the :ppropriate trensport velocity and divide by
the diffused distance. RBut this is the same time as the ratio of tre
axial veloeity to axial distance.

From Rozsa™ the velocity at =% = 17.% 1s 5270 ft/sec. The
distance x = (17.4)r £t. vhere r is the nozele exit rediuvs in
feet.

The energy calculation (Table ¥} shows, for a nozzle exit radius
of one Toot, that the Lhree-body p3vombination ecnergy is a factor of

107

less than the most energetic two-bedy resctica and & factor of 100
less than the energy of the reactions ccnsidered in Teble Z. This
indicates that the three-hody rezaciions eve nct lzportsnt and that

binary sceling seems to 2@ a good 1:sxiion.




Table YV Tarew-body rserdination waar g8 o fuoztion of the tozele

exit zadivs r {4in feet) - ropative sign mians onarpy welaaie

Reaction H Lrtermediate Brorsy Ineregy

Rumber lo-cal Hlo-zal e el
gr-mole emd cad sec

1 - 1224 )1 - 2,0 x 1.0"6 . 2,00 5 106 7y

- 121.5 0 - 1.0 x 107 01 % 3077 -

= 3
b - 105.5 g -~ T8 x 1077 . 2.8 % 3070y

The sbove rough sne/lrsis shows thal reacticas 8 ardl 7 sre the

dominant ones in the buxiriag of tke turbulent evhmust ~as2s of o rockes,

oy + }12 p— 2{20 L ¢ %

e

q
Z

CC + 04 o

R 2

+H

These two reactions both involve the intzrmedisies M snd ¥ ;3 one
involves aa exd one CO , the two copbuelohies frox Ghe szl
exhaust.

It was shown that tin snorgy selesse of the thrae-<bedy eecurbias.
tion reuctions was much rialler than the snorgy releas: o e twoshods
reactions 8 and 7 . his rough olimeto lumpliss viat in the
non-equilibdbrivm turbvlen’s axhausst, binsey sceliing will de n o0l

essumption. In assessin the onszed oF noa-equiliviixr affechs, the
2> v




intermediate ~sceies 01 end H zush Lo ccosidered ag bhey ave
participsnts in the wost importart rszachions.

I may be noted Ffrom Appendix ¢ thst resotion 11, the xafiation-
releasing J0«0 reactlon, 1s third in epirgetic Imporbance amorg tre
reactions considered. The radiation released :is sbouvt 34 of the
total orergy released in the mixing layer; thus, w2 should examins
this reection more elosely when considering the radlebive no-periliss
of the pimisc.

The radietion from ‘he (0-0 reactioca apparently is aser-crnbizusi
in neture. Tt oxtende Zrom ebout 3000 K to 6500 B with e certer at
sbcut 4200 K. At high ftemperetuvres, there appears to b stresgtheniag
o tkhe ultraeviolet end of the specbmlé. Because of tae interest in
the radistion from plvmes of the type cons:idered here, tae (0-0

reaction system is discussed in Zppendix D.

e
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3. Stugy of Calealstion Uschaiquos for ke Mon-iexilisriuvm Hoeadaty

v

Layer and Frez Shea: ‘ayer

The object of this study wes 4o £ind the Mpat" avsllietle roasimilier
solution to the chomiecslly reactive Loundary or shear loyer. After =
search cf the curroat literature, it vas evidenl ihat uimiled work ha-
been dore on this probler:, muck of 4% reamatly. Culy on2 such wlvsiern
seemed to exlst for a turbulent sheas liyer with chemical resctiosas,
while thrse zolvtions were found fir the lsminar cemse. I then becase
& matter o deciding whickh o thesa» “our metheds appes+ed to lLsve the
most promise (Ref, 34 - 27). ALY ¢ the methods soived bhe classical
boundary iayer cjuations by some mumerical schere. Ir adddtion $o %his
gearch, sone sizilnr and approximzsie solutions were examined. 3y
understanding the approximetions, snd agsmptions veeded For ainilar
solutions (Ref. 38 - 42). It becass clesr vhy & oreimilar sSciution
was needed.

Returning to 4he original gquestison eficr ibie »eviaw, it was
aecessary to criticaliy compare the <iiTarert sppyiaskes. In two of
these methods frPef. 3} eud 36) tre -uthors cppided the ctraigtte
forward Sechnique of spoyroximeting tve parsial diffsrersisl cojusiions
by finlte cifference equulions ead rolwing these sigebredc ecuations
numerically on & lsrge acyruter. The mala differense briweer hrese iwo
approaches was %oat Zeiberg and Bleic n% verforsed the mwmericsd
integration with or explizit scheme, shoress Blottner’s workd’ <4ilired
an implicit scheme.




Any azplicit nuerical schewe bas Ghe inherans provlimm of suabrldty.
In order “o mest this stebiliity crdtericn, the size of the slsg-size
must be Treatly reduced. This resulting zefuction in the sbep-cize
greatly Liwreases the program time on a ocmpuber ¢o thre point where [t
can becaur economicelly unfeasible. Blohtner's nebtiacd. on the ciher
hand, is ‘nkerently stable. To achieve thie stebillty, however. he hed
to solve he sauztions Simuli;&nécwsly 2:rues the estive bouniary lepsr
at station m, Yvefore be could procued o statlon n, 1 in the
stresmwis: direction. To ewoid the Cifficuity vsuslly sncountered ol
the stagnacion point or beginning of the houndaxy layer, Hlottner used
similar profiles for the fivst few irchss. He then weo avle o success-
fully progeam the solubicn to be scoomplished ir aboul 20 mivuios.

The nethod in Refersnce 35 by Fallone e al. was cuite different.
They extaided Dorodnitsyn'e “Metbod of Intzgral Relations®™ 4o o rencting
gas. This wethod is very similay to the Karaas-Pohlrsussn concept
except that the boundary leyer is dlvided inte N strins. Then the
equations are lntegrated with respect to the noraal ccordinaie from the
wall to the edge of each strip. Polyuomisle with wikeowm coelficienns
were asswind for the enthelpy, concentrabion, snd veloceity profliles.
Once these polynomials were integrated, ordinsry differonsial zguatious

in the streamwics directior remsined. The veluesn of the wndéobormined

differentinl equations {rur given initlal comditiorns. Fhose initisl
condition: were covtained from & similar soluvtion. Pal one vsed a

predictor.corrector technicue to find the oreffiolante. The accurery of




this method is greatly increased cver thet of the Kerman-Pohlhauvsen
method, because the equations are satisfied in the average crer N
subintervals of the boundiry layer. Possible seriocus errors can ocsur
ketween these lntervels, however, since the concentrations chenge by
orders of magnltude &t certain times.

The final nethod, conceived by & group at Douglas (Ref. 37) uses
& relaxation method to solve the equatiocns. This is a doubls-iterative
procedure walch reduces the error %o a mininun. Using the fiuid
properties at station (n - 1), the momentum equation is solved at
station n across the boundary layer. These properties aad the solu~
tion of the momentum equafiion are used Lo solve the energy and specie
equations. The enthalpy wnd concentration profiles are then used 3o
calculate new fluid proper-ties. These new properties and the solution
to the originel momentun egquation are used So find nsw enthalpy end
concentretion profiles at station n . This iterstion process 1s
repeated until the fiuld properties converga. The final fluid propertioc
are then inserted into the mouentum equatlion and the waole iteration
process begins again. Thi.s double iteration is continuved until con-
vergence of the solution of the momentun equaticn is obteined. Then vie
can proceed to the next station ard begin all over again.

After study of these methods, 1t was concluded that the basic
scheme of Blottner’s, i.e., implicit integration of a firlte difference
formulation would be the hest cholce for development of & new program.
The major probleans in the formulation would be expected to he e rathor
arbitrary description of the turbuleant eddy viscosity and the ireatmen’.

of more camplicated chemictry. aspecially i the case where suns



reactions are in equilibrium while cthers are sut of ecuilibriwm. %he
question of the description of eddy viscosity can be sircumvented by
using the ideas cof Coleshs and Croccol"é, i.e., travsforming the flow
to an incompressible one wherein tkre velosity profile is well known
(at least for a boundary layer).

) R M
Shorsly efter reaching this point, the work dome at GASL'T® O

was recelred, Rosenbmmw’

had applied an inplicit integration scheue
to the equatlions governing a turbulent boundary lsyer transforzed ir
the fashion of Coles. The major pwoblem he encountered wes that cerisis
chemical species behaved in en oscilistory fashion for ressonable shep-
sizes if finlte reaction rates were used. This problem was resclved by
Morettim‘ vho linearized the chemical source terms for iaviscid one-
dimensional flow and examined the numerical methods of solution.
Moretts was able to achieve stable solutions for greatly increased step-
sizes. His solutions were then incorporated into the houndary lsyer
probloam’"8 by splitting up the equation for each snecies into a
diffusion--controlled part and a reaction-controlied part. This prograw
thus seems to represent thz best cseleculation scheme row available.
However, 1% 1s not without shoricomings. Specifieslly, Rosenbaunm
followed Coles in transforning only the mamentum equetion. The energy
and specie equations were then placed in the ssme coordinstes, *’-.‘i.roccok‘f‘
showed that the energy equation could 1tself be transformed properly
and found & condition relsting the Prandtl numbers of the origirsl snd

transformed flows. Presumably, tne specie equations couvld be Srense

formed themselves giving a condition relsting Schmidt mabers, These



conditions are quite compilcated; however, they are sadisfied Ldeati~
cally only for Pr = 1 and (presumadbly) for Sc = 1, The crror
involved by ignoring these conditions is not cbvicus.

Furtler, Rosenbaun asstmed that the turbulent Lewls number was
unity. While thils gives un enormous simplification, available experi=-
mental dsta seem consistently to give & turhulent lLewis number above
unity. Wrether it is practical to incorporate improvements of thds
nature in the GASL prograns is another guzsilon, howewsy.

Annlyses of the turbdulent mixiag leyer between two compreseible
gas stresms have not prozressed as satisfactorily es kave analyses cf
the boundsry layer on & wall. For an incompressible Jet, exnsuncting
into 2 quiescent medium, Prendtl’s sssumption of an eddy viscoaity
constant &t each axial location ard proportional to the jet centerline
velocity and width correlates the experimental data quite well. However,
if the Jet and the receiving medium are of different density, it has becn
found to be necessaxyl $0 include the density in with the eddy viscosity,
Further, if the extermal ctresm is moving, it appears thet the =ddy
viscosity must also be a furction of the axial coordinate if the form
of Prandtl’s assumption in to be retained®.

Use of Prandtl’s forrmlation (eddy viscosity proportionsi to
veloeity difference) for two-stream mixing would result in no mixing
if streems of equal veloc:.ty (but unegual density) were flowing
parellel. Bringing in the censity as a product doesn’t recsassarily
resulve this paradox, because then one cen imagine the situation of

two streams of equal ’p u which would be required 4¢ remair tnmixed
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by this zsesuwmption. Use o7 @ uT railer Sian G u e the corveis
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tion quantity suffers from a similer failing, Alpinieri
this line cf ressoning one step further hy proposing a dersity.cddy
viscosity product proportional o th2 sum of the £ u ratic eed ihe

o u.2 ratio of the two streams. This procedure cen only be regerded
a8 a rather artificlal and empirical oms., slthough &t this point
Alpinieri’s assumption may be the hest cue availeble. Incldenteily,
as poiated cut by Mel.‘.'.m'5 1,, aone of these misting lews behsre properls
far downstreem since they give an eddy viscosity incressing with
downstream distance., The extension of these difficultics 3o reacting
geses 1s evident.

A screwhab different opprosch to the twrbulent mixing of two
canpressible stresms is to try to avold specification of tae compressibiz
eddy viscosity and instead to attemp? to transform matheasiically the
compressible problem to an equivalent ivcompressible one, and then tc
use the relatively well established welcelty profiles of tae incoa-
pressible flow. Since the Coles « Creeco draasformeiicn orhene has boen
applied to bourndary layers with considersble success, we have tried 4o
see vhat results from o straight forwerd appiication of this sramsfornse
tion scheme %o parallel miring of two strezas.

Instead of working with the difercutiel eguatilns as Coles did,; it
was decided to use the integrated conservabion eguationz o? Croezo. &
became convenlent %o place the nowxmal auls along the dividing stresmiizc

betuween the two flows. The problem then could be approsched in severzl

ways. One way was to transform the upper region separstely frem the




Lo reglon, soguwiripg siasd The Tlsws fa She b snsforned

at the dividdag streamiiv.

integrated fros. the dividing streuiine dc cach outer »oyz

in two sets of iwo equatioas., Ho~wyer, it 002 becmae et

quantities eyaiuated et Ghe dividing sircamiine needad 4o

in order to cbtain a reauonsble remult. By intcgrating i
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couabione acrois the entire sheer layer,. $ho nbowe vreslen vl selwrd.
Although, dve o the natiwe of the ‘alegratod soundlous, v halld hud

to divide tre miwing leyci inlo the zame owo reglons, 1t -ws

the travsformatlom vexrieiles hed 4o be the same ip dovh rad
derivatiocn and i:terpretiilon of
in Apperdix E.

As showm ia Appeadix B, if we rsquire whal 8 congian:

the sppvopriate equailocs

transform to a conatent jressure Licw, Lhean O = eonsian:

h_ = congtant, and we Zose the conontial uew festure oo

Coles, ranely, the transicrmation of ths pivesm functioa.

hand, Crosco skows that for o turbulent Prondil muzber
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ccnstant pressuze flow must trenstform ¢0 & constant owresare fiow
(and this vequircment is vory noorly dmposud for Frantll cwiar: ¥l

than unity).

Purther, applicatior ol the {vrausfiemoiion leoeally -1l

»-2

=

7 Lin the nomeneladum:

2

Feag
‘-

Pe/ = (S/C

which seys that, at any :3isal locabilon {

-~
=

&

direct coriradiziion witl Alpinieri'. yesuld, whkich sers,

f3 € = constant.
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a3, fram this prslisinery 3uck, 9o corelsde Shat a gltroig g

eenn saensforeabicn o mirlag

forward appllcaszion of the Coles - I
layer is not the answer and consideruble fusther work AL e reguired

to treat m'xing lsyers i 2 sstisfachory faillen.



L. Pessible Effects of Resctions on Turbuwient; Mixing Frocusses

As demcnstrated in Section 2 of this rupori, the reaciions which
occur in the combustion product -« air mizirg layer release & significzant
amount of erergy and cause sudden changes in the molecular waight of the
fluid. The cuestion then arires wheoihesr the reuctlions affacel the turbu-
lent trenspert procasses ithemselves. Esc}r;;-n.'x'aed.er:s2 ccnsidered the
question of the intensification of turbulence by energy relieasing
chemical reactions. He showed, for a system undergoing chemical resc-
tions orly, thet nonequilibrium energy release contributes nothing to
the vortical ccmponent of the turbulerce -~ the effect is combined to
the diletional component.

Sirce in cur problem of turbulent zixing we are interested in the
transport of vorticity, we have re-examined Escherroeder’s work to
investigate its generality.

Eschenroeder considers the inlersction of chemical reactions with
an isolated element of the vorticai component of the fluctuating flow.
The circulation theorem ard vorticity conservation law are cbtained in

& generel menner as:

- - -
. [ § T 5 ()
7

&

-

where @ = veloeity, @ = element of [ength along contour T

enclosirg a simply connected region (8], and
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where subi3cripts
1 corresponds teo the tripslationsl mode
-} 50 other modes, 2...m =9
¢« cefers to the chemicsl species, 1...n

and vhere ¢ denotes the mass conceontrabion.

. & ! -
- -Q-V;} an 7e.Vh+ ) T (o= 2DV (e, 8,57 2. ST
i B V=2 .=l elmy ©

(
p ¥ -
and -D—;E = {g ah

n.
Te) {V:(Tl\'?'s-Vh* cea * 2 A e ]

T

[ IOUE———

in the most general form.

Now Por eech species, we have

34 . Heche . g
o T o T o
P:vﬁ

or

”’ux“ B, - TS,

more exactly,

S = by - Qi; Tepw Sew

2.

= = "'2532'* ) o nd
o - w1 Fo o3 &

since T

L1 g 1‘1, the tranelatiocngl-mode tempsrature.
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Foug ke bhracketed bera of thz ifvteszel bectaes

(a) {v x%trl Ve-Vntr 2 2 {T,- 1)) Vieg Bxyp)

=
: Y
. =] W@
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* 2 b, V.- }” 2. B 8.0) Ve,
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8o 't srems that, to reach the conclusions stisined ty Tichen-oedr

namaly thet “the Lrreversible corntribtusion of coomasition chingss i
axpliciloly exeluded, and tne oaly scuraea of o amlilng thet oty coovr
between chem!stry wnd voerbical componaals of the flow are thase wundoh 9k
through ite nfluerce of p eed T,” i% is necessery to azsmme thas:
there 15 ro raise of enerzy due fo reluimlion of the interazl made: of
the ges.

If ¢he internel meodes sxe seglsaled, w2

AN

expreasiorn

= g‘?mx Vsa- VaexZ. 8 V | 4

where eljechively the corribation ¢f crexlzal chenges dicrriemsor.
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This reswt dax astrates tha: in fech olirmlesl reections, vhel ainou &
with int2ipal siate tmnsi'tims' s Wwill give rire %o the priduciionl o
vortieity.

Obvicusly, in the equilibrlwa cose. the cabeopy is constint Po. eay
elemnnt of gr: in twese clrciassances, all T = Iy . aud ke
induced -sexticity will be zerc. Tk vortdeity will be zerv a!so if the
flow is all {roken, or if <he <wnleszl seactions sre frezen and ke
internel :(tetes are in eguilibilwa, o¥ decz verss.

Now jet us lock at tae poasibl: efieot of reaction-afsaciabed
molecular weighi: changes on twhulens tyensport. To get (n fiiza of row
such an 2ifect right erise, we ;o tack tc the simple physical desciurtion
afforded ty Pracdtl’s mixing lengls thecxy. For refereasce, wo firs:
wveview the resuiés of mixing length thecry walch we will uss.

Consider purallesl flow in vhich the valocity varies cnly froem -ty
line to strasmline.

) - >
Let u = uy along X - axis

- -

v o® g o=

As the fluid passes clong stremmiines in barbulent mctlon, Flw.é
pardicles zoalesce into l:mps widch move wodlilv, and cling “wooitrer Iax
& given ¢raversed length, in long fudinel aod bLrensverse direc:icre.
vhile retalaing momentur parallel to the ¥ - aviz,

FPrardbtl assums that such a lunp of fludd vhich comes {vor tie | yor
b

&
L

(Yo -4), with velocity u (5"0 ~ £ ) is aisoleced over a lergth %
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in the trorrsverse dizendh s, Thas i otanns e

mixiang laughbh.

The ciffereance of yel:city will be

o

Av, = uly)-aly, ~£)

which reads, if a Teylor expansicn arcund ¥, 13 used {first orler’

= di .
{ = f Preesy
‘ﬁ 1.1 é Y if }‘r
‘o

Similarly, for a lump of fiuid coming from i 4‘2 to ¥

. g
.,«f;‘;uz "Z(d;,r)

In the first case we had 7% > 0 ., in the second ' <7 0 :or th.

transverse motion.

The time average of the absolute weiuve of the Tluctustion wilil &

o L e iag P v
Lo ] = 3 ak] (hw ) = g
“0

So the miring langth ,@ is the distence (iransrerse) which  us. b
covered by & lump of fluid travelirz with Its original mestn w:lozis

in order %o make the difference hetween its velooliLy and {he aw wa

of the new position equal ¢ the mzan transverse fluctustion “a ux
filow.

If ve consider two luups mestlag at the lamina y_ , thk: fura

¥

comes from v, + ﬁ s, the other one from Iy - Af . Tw¢ g 88 B2

take place:




(a) . , {B)

In both cases fl1ld 1 is aszumed 0 be moring fester then €luald 2.
In case A, the two humps will go diverging with i velocity (2 @°) :
the empty space between theu has to te Filled by surrounding fluid. In
case B, the lunps will collide (wiih veloeity 2 u’ ) and then recoil
sideways.

In both cases, this gives rises 4o a transverse velocity comsonent,
and this trausverse component v’ has to be of the same order oF
magnitude es u' , and

[v] = cX,Q("“\
Yo

Considering that in any case che product u' v' is neeabive

a{>0) u" comes fram o (O} v° aud vice versa and we have

T

u' va -] -c 5‘{;3 ugv i -ﬁz d.lx
the constant being included in the m:ixing leigth.
The shesring-stress is then

-cu

/‘Z‘ny = 2*’ ® . fj uu VE - {0 Jm,



which will have 4o be added in the general atress tensor to get the
Navier-Stokes eguation in this case.

A generaliszation of this concept consists of including “he exis-
tence of chemical reaction, and therefore changes of molecular weight.

We consider each lump of fluid submitted %o transverse motion as
consisting of a mixture of different chamical species. When two lumps
arrive at contact, these species can react with each other, {hus causing
a change in density, and affecting the bslaprce of momentum ecross the
layer Yoo

In a general case, we can take two lumps of fluié, the first one
at the layer (v, +£), 1is mede of & mizture A + D', the second at tte
layer (yo -£), 4is made of B + d’.

The reaction A+ B -» ( can occur, and we suppose that D' is
inert with respect to this reaction.

The :asses of the respective lumps ares

= PV m Ny Mg ¢, My

" FpVp MotV My

(] 9 L : J Y

Py = By My ¥ N5 Mpe + k; My
¢ 9 [} i t * Y

= P Vp = N, My TH, My ¥k, My

% e off
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Row e 2uersy cpesctiiia fa® boen expressy . 1 tams off the wave

msber by Kolicgeoroy and Seluznberz s
” o
B () = g3 3

Pfor the "middie remge of k" whers the 3 wili It hypcthesis of

Xolmogorov is velid, i.e., lzrge eddies, almo in statistical eqai’i-

brium, with reglligible viccorvs offecis.
€ is the ratc of dissipatiozn of <iibuleal energy.

In 4ne larger renge of %, we hsve D 1) < k '. Now to difine
a chemical relexaticn time, in the sawe wmy, x follow ifor:rs:‘mge wo
studied the turbulent mixing with iscthemwal. il sad second crder
~agotions.

Corrsin defines dimensicnally a charucteristie iime corresponding
40 the reactive transfer rate. This tim» mus Jepend om the irecal

concentration spectrum, on the reseticn wite ccnsuwanz, aad on "he wive

[¢]

"

sumber X .

T,

R ™ chd“]

Where G is the Fourier spectrum of the corcurtridion field snd I8
the reaction rate constant. Using the Oonagents castad: model, Corysin
derives the form of G in terms of X .

Tae redistribution of the turbulent cne¥el &iong more and more
Fourler components cof the velocity fleld, velsied to ever iney-=asins

wave-numbers, can be schematized in a %o 2ncabe process,” vhers €hae



energy of the tuvb:lence paszes from larier o smaller 23dies (& inorea s of

each eddy lousiag =3 smount of encrgy {due .o viscosity) which is
inereacing with k .

B(x) Energy Spectrum

L
! S S —
0 ko Ak RD k

Energy Spectrum

-
i

Transfer of energy Loes of energy
smcng eddies by viscosity

r k Aircrecses

in ¢ais direction ...

3

/ gi"e of willy dscreases
L

enurgy ¢iosi; ated iacrensss

. Re decrvase:: (viszosliy increaies)



The spectirel ecnergy traauspoirted in a siep will be

[E (x) * A k] tnsager takes a ttep leagth Ak = k
{the sequence of wave rumbers will

be & geczetric progression)

So the flux F (k) past any wave-numsber is of tae crder

F (x) ~v 5—%&%{;—;"5 . ‘T being char~zeberisiic time of 4ke

turbulent nmosion.

I? we peglect viscous dissipefbion, owr cascade ir conservative sad

¥ {x} must be ccnstent

ar

———— = 0
This gctually will give F = £ and then

T (k) = €23 (53

which is the Kolmogorov’s result for the inertial range of the encvgy
spectrum.

Corrsir. has extended thie model to a ncmo-conscrvetlve systen:
dF o 'ratu of gain of spociral ecntent per unit =t b
ak ]

and epplying this to the concemixeation spectrum G ; Corrsin geis

c ” <75 a/a
6 k) ~ Bx3 ap {3 ¢ e g 2/3}



for toe ineriial convectiv: —ange middl: renge of k| wiere 31 usion
is nezlected’.
The same derivation hias been made for the inertiel diffusiv: renge.

but there th: results of Cor sin, nomely

e f

- - < o I 4
6 &) v 53 exp f3c e i@B 3y (M3 kh.‘,g,‘;

il

does not rmgroe with the prev-onsly attained resuwit of Taylor,

We caa therefore sensibly copare the chsrzoteristic 4imes of ~homlend
and turdulente spectra only ior the izertiel convectiv: range, or

niddls range of k , egain seglecting diffusiocn effec:s.
1.2, m2/ 3
T, o= (g¥%x)

end

~1/2 =)  ~1f2

T = ;
R k C G

Apziying the Onsager carcade modal method to the hree dizernsionsd
spectrus of the field of comiainmert {suppossd stationiry, lociliy

isotropic), we hawve the flu. past any weve-ummsder k

then the =qustion

(‘ -
% b i rabe of gein of spaciral conteat par wdd k}



gives

L o
a%{e.““ /3 Gf = -2¢ 8

which yields the solution

¢ = € oY% /2 R ER NS 2’
% <

EG' being the amall Xk "iwitial" £ x of '52 contan: 2d dibe she
spectari.
Thus ﬁi‘ can be exprasred as

.

“Af2 1 p-1f2 vif6 (. s fa.=2f37
= M2t M2t M2 oy L s 3
T

R
- ! Sy , fry ¢5/6 ] ~ _0/3 Y
%ﬂ él'laklfac’”*%}& e e@{-gc(;\w /2 ps
J
. 2/3
we can suhstitute T, = (k fE"/ 2) :n this opression; then

/2 1f2 Ml e /L -y
’Z,“R 2 €9?'/2k1/2c7‘h@,1,5ﬂ exp-gw-;i-C'é,

kW

There, assumiag that C "Z:T ie smell, we caa take the erponeriizi as

nearly unity, or take the expeansicn



1’)}:’
e T
L
the ratlo === goes to 2exo as k zous B0 o and dserensss sg8 X

P

increases, anil goes to infiadty as C goes to zero, and duirvenses a8
C 1increases. Note that this expreszion is valid cnly for the aidile
rerge of k ; corragponding to 4he iam+tlal zonvective rogion 2f the
SDECLIUE.

The ratic will be smell) only 1f © i oulte large, since
is =wall end & is =malld.

Ancther spproach is usel by Corrsin iu «obimate the Sdmsusioral

",

coefficient B ia the expression of o { .

B r A, o B
G {k) == Bk exp§ 30 & 3 1:2"3} (1)
.
and o P or e
F a j G ax = | ¢ ek €2}
o gk,

where ﬂ se the “enorgy besring” wuv: mumber snd @*k* wepczents
the and of the inertisl conveetive rasge.

The limitidion of this process is that the main conteibutlon Lo the
integrsl comes fyua the reglon near o5 ; there G i3 vob well
spproximated br the axpression (1)

By integratiom, {2) become

& .;._Be‘*/i[ expd}g‘,’-‘tf’;t -2/2},‘]

2 ¢



or

re . . \
B =z 2c 8 & Y/3 e@é--ssc g3 3%2/5}

For C -» 0, Corrsin obtalns by expanding this as a series

This gives only the dimension of B and not a way of evalusuing its
value.



5. Future Work

During the next reporting period, we plan to investigate further
the transformation of the high speed reacting mixing layer into &
simpler low speed anslogue. The effects of non-equilibrium reactions
on the viscous~inviscid interaction which occurs in base flows will be
considered. The fluid mechanic structure of the recirculating flow
region will be investigated along with analytical techniques to describe
this region. The effects of chemical reactions on turbulent transport
processes will be examined further.



6. Personnel

Mr, E. Pslmreuter has been awarded a National Science Foundation
Traineeship for the 1965-66 school year. Thus, he will be unable to
continue on this project during this schoo) year. Mr. F. F. Luo has
been added to the project staff. He is worklng towards a Ph. D. degree
in Aeronautical Engineering; he was ewarded the M, S. degree by the
University of Detroit in Jaruary, 1965.
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Apperndix B Reactlon Rates

The reaction rates found in the review of litersture are listed.

The starred rate is the rate ussd in the analysis.

Ky
H+OH*M —a

HOo+M
k. ?2

Reaction Rate

1023 /72

¥k
3 x 10%9/7
2 x 1072 T -3/2 e
7.5 x 10°2/7

3.63 x 10%7 /T
4.5 x 109/qt2

1.7 x 10%2/pt+32

Units

=11%700/RT

k cm§
1 {gr-mole)? sec
3
kg = )

gr-mole sec

Temp. range °x Reference
(3}
(3}

1000 to 3500 (273

(T in R?)

1500 to 2300 (=0}

1000 to hooo (31)

1000 to 6000 (12}

1000 to 6000 (12;



H+H+M —= H,+H

k.p

Reaction Rate
*k, = 5x 10707

k2 = 2x1018"i'

x . = 3021 q=1.5 ,-103200/8T

k, = 3x 105

K, = 3.267 x 10°%/z

K
O+ 0+l == 0. +M
‘“ 2

k.3

React;ion Rate
*k, = 2x 10%8/2
ky; = 18.5 x 1016/3':’5
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k v, e e e
-
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e Y
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it

O + CH —= B0 Toiss K, BRG K - =ecssteosmco
S 2 R «  @aels e
f . [¢)
Reactior. Rate Tomp. Toage K Referon:

1972-88 e-z.ooo_/x':? :

kg = 0t 230 L o4
- 10-3:92 ~1800/RT £30 to 2300 {2h

ke = 5% 163+ o-1800/BT

k. = 33307 "3020/T 31000 to 3300 (33

12 emlO‘C%) =P

kg = 6025 %10 1000 e 4000 £31)

12 e»lcnoo.jnm

kg = 7e€ x 1) 1000 o (5000 {12)

e ) .
kg = 6.0 % 1073 o17750/RT 1000 o 60 (12)




O + OH o co. + H
w

£, 2

Reection Rate
k7 1.0 1.9

k, = 3x10% ¢~33000/27
K, 5 x 10°2 o~6000/RT

* 1013 (~10000/FT
k, = 5% 1012 ¢~T000/RT
Kk, = T.23x 1012 ~TTO0/RT
K 3.2 x 1082 e.-6300/1;1‘{'

3 x 1077 e"330°0/, RY

J nd k.
Urite 1% and k .

Tesp, range %k Referanc:
1650 (23)
f25)
(26)
(3)
fo2)
3000 to 4200 {31)
1000 to 6200 (12)
1200 %o 1350 (31)

- .
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OH"'H2

2 e

k.8

Reaction Rate

kas

1013-8  ,-5900/kT
yoik-k8 _-21000/FT
1075 ~25000/RT

3x 101)’ e-3020/ T
3.0125 x 10%3 (~5500/RT
6.3 x 1013 ¢"5900/RT
2.4 x 101% ¢~20700/RT

1015 8-25500/ RT

61.

3

Cry

Tmits k8 and

Temp. range %k
300 to 2000

300 to 2000
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1000 to 6000

k—8 gr-mole sec
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(24)
(24)

(3), (22)

(1)
(31
(12)
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H+ 0, % OH + 0 Units kg and k_g Ex‘ﬁs??
=9

Reaction Rates Temp. range °K Reference
kg = 1x 10t4-T8  o-1800/RT 1100 to 1500 (23)
x, = 08 -16500/RT 1500 to 1700 (24)
xg = 10%3:T5 o ~1000/R2 300 to 2000 (24)
kg = bx 10t ("1000/R (26)

#xy = 5x 10t o000/ (3), (22)
Ky = 3x 10t ~8810/T (1)
ky = 1.989 x 10 ¢-16700/RY 1000 to 4000 (31)
kg = 2.4 x 10 ¢-16750/RT (12)
k_ = 3.2x100 plT g-100/RT (12)



0-}}{2

Tt
k.30

Reaction Rates

ko = 1
ko = 101276 o-5800/RT
ko = l2x 1033 ~9200/RT
K0 3x 10 94030/’1“
*ko = Tx 1012 ~B500/ET
ki, = 3.013 x 20°3 o+ 8300/RE
k0 1.4 x 1022 e-53.90ﬁ1T
X, = 693103 1T/
eoto :_:lé €O, ¢ hv
kn
Reaction Rates
ky = 1.8x 109 @ ~30/RE
¥kyy = 2x 103t o~lt500/RE
kg = 1x 1010 -U000/RE

ol2-k  _~T700/RT

Ualss klO and K o

Tewp. renge K
300 teo 2000
300 %o 2000
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1000 to %000

Units

Temp. renze OK

e
kll gr-rpole sec

2

(27}

(1), (22}

Referenes -

{eh)

{29!
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The Effect of Turbulence on Reaction Rates

To see how turbulence affects chemical kinetics, one must look st
the rate constants. These rate constants have been obtained by theoreti-
cal and/or experimental means under the cited assumption that thermo-
dynemic equilibrium roughly prevails and that non~equilibrivm prevails
only with respect to chemical composition. Consequently equipertiticn
of energy among particles and internal degrees of freedom is sssumed to
exist, at least epproximately. In high speed turbulent flow these
assumptions are open to question. Therefore it may not be valid to use
the classical chemical rate expressions as iunstantanecus rates. However,
Ferri, 1ibby and Zekksy~ state that the following statements can be made.
At & fixed point in the flow, if the velocity squared fluctustions are
significant with respect to 2 k T/m , then these fluctuations signifi-
cantly influence the collision processes. This sppears to be the case
for mixing processes of very high velocity streams having very smell
ratios of static to total enthalpy. In this case the enthalpy connected
with the fluctuating process is of the same order as the static enthelpy.
Congequently the number of a given type of collision and the mechanism
of collisions could dbe quite different from the values glven by statis-

tical meckanics based on thermodynamic equllibrium.
The effect of turbulence on collision mechanism can be looked at by

considering a reaction fcllowing an Arrhenius law. Turbulence affects
the temperature in the exponent of the expression and the function of
temperature vhich multiplies the exponential. In two-body remctiocns the



65.

reection rate increeses greaily with the relative veloclty between the
two colliding particles through the exporertial of the rate constant on
temperature (k¢ ~ ﬁvz ) (see reactions listed shove). Consequently
& large fluctuation in the absolute velocity will increase the reaction
rate for reactions following an Arrhenius lsw  (two~body reactions),
For three-body reactions, where the rate constant does not have sn
expenential term, it is expectéd that turbulence affects the reaction
rates by increasing the probability of collisions. ‘fhe above implies
that the twoebody reactions wculd be accelerated more than the three-
body reactions by turbulence.



Appendix C Peaction Eaergies

Units kiloeal/ (ca> sec)

Regatlve nwber implies cnergy relesse

Reaction 2 Resction 7 Resction 8 Reactloa 10 Reasetion 11 T % eir

(x 10°)  (x 109) (x 10™) (x 10°)

46 - 10 -5 9 - 8 1438 03
61 - 12 - € 13 - 12 1497 B
80 - 15 -8 19 - 15 511 .5
136 - 20 - 10 32 - 27 1339 6
226 - 26 - 12 51 - 42 1567 7
367 - 33 - 15 82 - 65 1595 .8
339 -3 - 15 S - 67 1595 9
230 - 25 - 12 70 - 57 1581 1.0
86 - 14 -7 33 - 33 1539 L1
15 -5 -3 12 - 11 1469 1.2
2 -2 «1 3 -4 Co 1.3
.1 -.5 - .3 .5 - .6 1302 1.k
.00k - .09 - .06 .05 - 06 190 1.5
0 - 009 - .008 002 - .003 8 1.6
) 0 0 0 ) 93 1.5
0 0 G 0 0 Jz2 1.8

E=action 2 ZH4M -~ H,+HM
P

2
Reaction 7 CO+OH = CO,+ X
- 2
Resction 8 UH¢ H, == HO+H
Resction 10 O+ H, = OH +H
Reaction 11 CO+0 = €O, * hy

Reactions 1, 3, and 4 were assumed %o be ir eguilibrium, reaction 5 wus
1000 times less energetic than resctlon 2, end reactions € =nd O were fourd
to be in equilibrium; therefore these roccticns arz not listed.



Appendix D DNiscusiion of the Caxbon Menoxide - Oxygea Reaction

The carbon mponoxide - oxygen reection is a raiiation prciacing
reaction. (See Reaction U of Apvendir A, Table A-T.) The coakimrm
and flame »and radiation ave slso observzd in hydrocarbon - eir flames,
but are most intense in cerbon - oxygen flm;malé,

In explosions at (initially) 100 to 200 mm Hg pressur: , it is
estimated that the continuum reprssents sbout 90 ¢ of the redlsted
energy. The Intensity of the flare baxds xelative 4o the coriinumar has
been reported to increase with de:irensing pressure aad temperature., In
fact, Clyne and Thrushl| found at temperatures betwmen 200 ead 200 °K
and very low pressure that jbe < - CC system ewmiis flsme bands zad
no continuum.

.

Kaskan'® noted no marked change 1r the ratio of continumm to fieme

band radiation with change in tempersture, or pressurs from 158 tc 1
atmospirere pressure, although there secmed to be a slight strangthening
of the fimme bands relative to the continwm st the lower pressures.
The ulitra-viclet end of the spectrum wes stirengthened with irzrsasing
tempersture. In goneral, Kaskanls found thet all the spectrs had the
same spectral distribution sbcve 1200 A and that the sgectrur was
noticesble strengthened below 4200 &.

The nmaxiom intensity of the C0 -« © system enission ccours ef
about 4000 3. Clyme and Thrush®! concluded thas o similar meshendizm

controls the radiation in the visible end wWiire-vislet parts of the




3

spestyun. Thoy stete that She oy dmmrr ohedly ccosicihc of exuegoed
wresolved retational structure of the floms Lhunds ecd the conbimm
ariges Jr.an an ovirlapping of the rotebionsl sirusiure,

In the 70 - C chemiluminescont ecombinhian reaction the shoady
state of wy vibrationsl level V  of ke cwlted elcctronle stalie of

the meleciie is controlled by she rates of the following proc: gusi.

(i} St-bilizaticn apd redissceintion
k’i sy o
COt O+ M m=a=d
Kolv

{11} Vibrational energy transfer

) + M ..a.—-.‘i-uf

(111) Raciation

C e )
<
Y
{
3
&
\
N
St
3%

{av) Colilisional slectrenic guenching

kg
,0-( )+ ~£3  co, ¢ 1 3

Assuninag <het 1 aad 3 are rapid coagparsd with the tiwe scole «f the
system the steady state spprogimstion can bo applicd to the popelation
of one vihrational level of &0, .

a ‘»c(,*_] o ) - )



and the totsl emicaion is glven by

2— k2v {GO ](v‘) 2.

¥
Zkgv klv [CO] [0] + '/";9 Kyt v {G’Oﬁ] {V“ }?} } 5k

koy + EM} (oiy * kgy *+ % Xar,7)

the total rate of recombination by the excited state is

d |col |
_[%%Tlﬁ’). = Z (Xpy + K3y [M} ) [igog](ﬂ 5

*

If the gquenching step 3 4is wuch faster than the emitting ;s,{:e}; 2 .
which is a likely possibility, the awission is reduced >, kh[xf"?>> o,

5
and the expression for intemelty 5b becomes

r Sy el Yo mur [ A )

Ry Pyt L R

7

If the range of frequencies involved in the emission process 2 '8

not too large compared with the mean frecueacy emitted, it can e assued
that ko, axd k3v are independent of v and hence 2quations 5a and
6 combine %o zive

a [cof] Ll kg [N| [ o St 5[4

e &, E } et i
dt Koy ’ ks ooy b “’




0.
18

aince

1= 1, [co][o] 9

no

S , ) .. 3
give & valne of 2.0 x 11 oxp (« 200/HP) =it mrcm—

z; 3
askan cnd Browne™ -
Eremsd sac

for Io °

The cversll combinasion reaction

( .2 . '; :"I
o (3o ) e, () .

is spin forbidden, and the spian revarsal oc2urs cithor

(1} iz the stabiilzation of en exciiad €O, moleciie BY &
taird body,

(ii) 4n a radiationless trarsiticr o an excited €O, wolecule
before or after radiation, or

{131) in the radiative process.

3
‘?ﬁg

the intensity by faciliitating spin reversal. Tn case (113) the inteasity

%n case (1) ouygen, with a tripist ground shate would dncye ase
would be expected to decrease siunce the rate of guenching ’z;s of &the
triplet C:O2 molecules would ke azcslerated relative to the rate of
emissior k2. Clyae and *1‘111"4&%11""‘"7 conclude that spin reversal scouss in
the radiationless trensiiion betwesn 4wc slacironic statzs of €O (i1},
This trinsiticon would oswur elther hzfore o alter the enmiasicn sicoiss.
The Istter case implies o very low.lying friplet siave for §C,. Fr low
iylng triplet (or sluglet) state of f’JO?_ has been duiscted syaciicrosde-
ally, ncr arve sny %> be ~xpected fron melacuiay orolial considrnviicis.

Clyne ard Thrush thawrefore counclude thet the (0 fl:ze band erisuic: o



mainly 2 singlet-singled trensiticn 40 the ground shate of 002 engd
taal spin reversal cecurs in a radliiicnless 4rznesision hatween two
excited states of (302.

The situation fnvoiving the direct zombtiralion o2 (0 and O by
reactions § anéd T i3 somxvnat confusad £t the present: time. Flume
work, which hias bean done under conditicas vhere €0 and 0 may
co~exist in apprecizble concentrations, has not shed any light on this
mytter of Alrect membin;ticnlz.

The evidence on raactions S and T sheuid be further coneidered
in the light of information on the radiation producing reaction U .
The dlue light from CO conlaining flames corsists of a wide band of
enission from sbout 3000 8 to 6500 8 ana appears ag a contimmm
underlied with & weak complex bend system. It appeexrs quite likely that
only one process is involved in continuwa £nd band rystem and that the
contimunm is merely the result of high tempersture smearing of the

ba.ndsm.
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Appendiz E  Transfoxmation of the {mrpreraibvle Mixing Layer

Fonenclaisure

m"a\gdﬁmg‘R""P%%H%uqt:sawau%%n‘m

Subsexripts

= I

=4

”

& & 8 A

3

Sraling function - to align Y = 0 with ¢ividing streamline
Sielic eathalipy

Stagnation enthalpy

Stegnation enthalpy fiwx per wnit vidth

Momentims flux per unit width

Muss fiux per unit -2dth

Siatic pressure in Now

Heat flux

Veloclity in stremmwise direction ir physicel plane
Normal v2locity in phyesicel pigae

Normal waleeity in srensformec plane = v + u g°
Distance in streamv’.se direction

Hoerasl distance in phycsical plane

Nermnl distance in ransformed plare = y + g(x)
Boundary layer thicikness

Displacement thiclness

Momentum thickness

Stagnation enthalpy thilckness

Transformation varisble

Transformation veriable

Transformstion variable

Density of the flow

Skear stress

Ccefficient of viscosity

Streamiunction

Eddy viscoslity

Freegtraeam lower condition
reestream upper coudition

U:per region

I wer regicn
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Conzdier b: Lounderms layer zqoebiony dor 40" lnensionsl coxpre: sing s

Licw.

Jontinuity: «33; { P ) 4+ :’%; {g ) 0 {1}
= 1 ﬁ.}. 21 .t o P Ev .
Yomentum: [SH ey + Ov 5’} - - _‘.5__.. {2)

Energy: @

i
b,
v
D
L
]
i
Ll
i
R
%
¥
+
P
Rt
&
pirt
#
~—
-
(¥ ¥
Py

After transfo ming the variables to ¥ wic Y, <une car elimiaetz V. br
ase of the continmity eguation and integ ate the twoanior and =vergy

aquaticas frem -« w6 to e,

0
s
’
P
A

o Iy
e (3 ou, 1Y
L ax ‘Y ‘

o8 . ( [ -] P &
o _— 3 . ) - 3 B '(‘\ ] -
=-(oun®)dar = B, N e moul vy - p. N e (D) W
{

2 QX o i £x W5

{5
It is now convenieat to define the mass,. nozembun, 20 stpgnaticn enthal.y

Plux per undt width for the wpoor apd Iover roegion sa:

o5 - g3 ¢ - o4

- = ( . - . 8 ey +C - o ..

a A Pu ay o=y @u il A= e A
e 3B (2333} ) ‘:5&} PN FRAN g:;')\'a

(o)



The equationz become

aly 43, - ap Chgy dity,

& ‘' Tt Gt wm tum (7e)
afy | aHOy, o dmy o dmyp

&= TR " hEym thE (m)

One can now define the displacewent, momentum, and stagnstion enthelpy

thicknesses for each regicn as:

oo ¢
S$=§ a-£% )« 6 o=\ LL (3L )g
u o P2 w2 (8a) U Jo F2U2 U2 (9a)
S*,,So (1-L8)q e, =S° By .B ) gy
L Lo P11 (8v) Lel1 ™ u (Sb)
o
< U h
6 l--==)day
Y So F2 ( o
‘e h, (103}
cu -
¢L - ] uy (l - 1O ) ay
-0 , 1 {10b
Making use of these definitions the finel form of the compressible
equations is (assuming hg = constant and hg = constant)
d 2 2 3 ¥ ® ., 6P PN
E{Fe“zeix* Prowoy r-(ég* o) & 0 11le)

a o o SR
E{Pa“zhz@n" Fl“l”l¢L} =0 t1h)



Now one must consider an unspecified 1w speed fluid. As Coles snd Crncce

did, denote the correépondiné; quantities and cquations with a bar as heler

oo 33 o 35
5 e\ _Fi@ _ 12N P4 _ 7.5 5ii s

- B . - 355 —— e . Sw v e e
= ay = i = h dY
W), FRE T s PP % e T O T g
5 s 3
m o= 5uay —,5 Rl i = SuR &
%N @ s © 5 A 59)
& - 5 -
;;'*ag (1-L% )& ;;=§,_a_rx:__(1_.g_)d~¥-
Vs TR Tan R o
2 (Ba) {9a)
* ) —-— -2 -
Fre), a-Bihg 5. BL o E,g
e (%5) AN B (55)
5 -5, S a-L)a
’2“2 2 (-1—65)
5 = _,; AN (1“-,;1; ) &F
g = =2 = -2 = mH = 4P
tum: - e, + ) = [ + ) —= {11a)
Momen d;{ 2% 8yt Ay L} fy*d )=
mews L{ 5L ANET[ - o )

(assuning '53 = constant and Tx'a = constent)




The stagnation enthalpy has been replaced by the static enthalpy for the
low speed flow.

Now one must find a trausformation which when applied %o egquations
(115.) and (11b) will give eguations ([1a) and (1i5) respectively. By

introducing the stresm functions & ang ¢ in the usual way

Y

Y = S e u day*® {12)
o]

~ T

Y . S g ar 113)
o

It 1s possible to define the following transformation

G‘(x):-ﬂ ;Z(X)=-§%¥- %zl
(1ka) (1) (ibe)

By substituting equations (1ka) - (llc) 1into equations b - 10
and comparing with equations g 15, it is easlily shown that the

following relations are true.

EU = Omy {352)
n, = Om {15b)
TU = % IU (26s)
-~ 2 "
I = Q;‘_L_ I, (16b)



Bt o5 H
- 532 ( =3 ( N 55-{ wr
Suvt Vgt ), Bog e
r— o 9 A 2
S LA PR -tk
1 il PFZ
- i
& = h—= g
2
- £y
e h —= 8
L 5 v
% =k L b (208) it Lok
e, B, B
- o
%= '%}' b (00) B T
C1 3 ™
s 2 P i
@ .o f2) @ 28 (m=X)
& nE G Prp gz (205 |
= ﬁZﬁ .fzé T (-1 00 e ua-il( 1n*Ju“ };g
y{z Pl;dx 171 ax a

== = 50
Equations (2ia) and (21b) imply thet 1:\2/};; = & /b

77

{i7a)

(170}

{18b)

{19a}

(19b)

{21a)

{21b}

{2a)

{22}



78.

Substituting the sppropriate expressions into equation (1lla) ard compering
with equatior (11la) yields

0. &l (" (1-,{2(0)% * (0(1»‘}?”0)“}
=1 P P2 e P 1

g @8 g Co- 20w

+ Py (-85 -0 ¢ So (b%%-)dr)j

- GO 2
""5%3‘“@’(/02“3611* fgl"“iex,) (23a)

This equation can be greatly aimplified., Assuming a perfect polytLropic

gas such that
f2 . & _ x° P 5 .
- - o - — O
P b, h, F by by
(24a)
o fi. n
@ h, I3 by
then - 2
- -4 .
(;@ (1-€2P)dy== 2 (Sy+oy)
~e P Lo 2 b,

t
8
~ol
]
n
Fo
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- Ryoa § e . ¥ "
Por & given I (%} , cquation {23b) ean be integrated for %};a and
‘ﬁ
conszguently can be solved for 1, (i) .

In like canver ore can substisvhbe the appropriste relstions into
o, Y - s
aguation (1’1.%, and in comparison with covation (11b) £inds

i 3 ;=0 (25)
Tuis eguation implies thmt is i -33-5» } is no% ecusl o0 & constant,

h
then

Pa By

50 an impsdiate restriction mush be jmpesed on the problem If ¢ is 8

function of the strezmrise eosordlnate

Consider the tvsnsformatioa of the memantwm eguaticn for zero
pressure gred: ant.  The wesulbing eguation s

2
2 2 g &>
(Ppuy & + Py w &) -5 (=) =0

(26)

If the boundaiy layer growth on the plabe ssparebing the twe flows
initially is neglected, then QU(C-) i eh(a) are boih zcro and

102 ug e;J + (@l 1‘32‘. @L cea he ecual to zero.

BEowever, this squation
implies thet (o 2)
\
31 B e ....‘.m].'a:}m.

and pleces ar additioneld restreictior. on the problem.

1 the initial
boundary lsyer growth ies not asglested, thea neither €"U(0,‘.- new =€§L{C))



81 L d

are zero. Consequently equation {26) shows that o ( O°/h ) is equal
to a constant. For zero pressure gradient, equation (22) implies that
g/ . is a comstent. Thus {0~ mnst be e constant, and L must be
a constant.



